The chloroplast serine-threonine protein kinase STN7 of Arabidopsis (Arabidopsis thaliana) is required for the phosphorylation of the light-harvesting system of photosystem II and for state transitions, a process that allows the photosynthetic machinery to balance the light excitation energy between photosystem II and photosystem I and thereby to optimize the photosynthetic yield. Because the STN7 protein kinase of Arabidopsis is known to be phosphorylated at four serine-threonine residues, we have changed these residues by site-directed mutagenesis to alanine (STN7-4A) or aspartic acid (STN7-4D) to assess the role of these phosphorylation events. The corresponding mutants were still able to phosphorylate the light-harvesting system of photosystem II and to perform state transitions. Moreover, we noticed a marked decrease in the level of the STN7 kinase in the wild-type strain under prolonged state 1 conditions that no longer occurs in the STN7-4D mutant. The results suggest a possible role of phosphorylation of the STN7 kinase in regulating its turnover.
The chloroplast protein kinase Stt7/STN7 plays a key role in the adaptation of photosynthetic organisms to changes in light conditions and in the cellular metabolic state (for review, see . This kinase is particularly important for state transitions, a process that allows photosynthetic organisms to balance the light excitation energy between PSII and PSI and to optimize the photosynthetic yield upon changes in light quality and quantity (Wollman, 2001 ). These two photosystems are linked in series through the plastoquinone pool, the cytochrome b 6 f complex (Cyt b 6 f), and plastocyanin with which they form the photosynthetic electron transport chain. Excess stimulation of PSII relative to PSI leads to a more reduced redox state of the plastoquinone pool that favors docking of plastoquinol to the Qo site of the Cyt b 6 f complex. This activates the thylakoid protein kinase Stt7/STN7 that is required for the phosphorylation of the light-harvesting system of PSII (LHCII; Depège et al., 2003; Bellafiore et al., 2005) , an event that leads to the displacement of LHCII from PSII to PSI (state 2; Vener et al., 1997; Zito et al., 1999) . This process is reversible as excess stimulation of PSI oxidizes the plastoquinone pool and leads to the inactivation of the Stt7/STN7 kinase and to the dephosphorylation of LHCII by the PPH1/TAP38 phosphatase (Pribil et al., 2010; Shapiguzov et al., 2010) and its return to PSII (state 1).
The Stt7 kinase of Chlamydomonas reinhardtii is conserved in all eukaryotic oxygenic photosynthetic organisms and appears to be specifically required for the phosphorylation of the LHCII proteins. Its ortholog in Arabidopsis (Arabidopsis thaliana) is called STN7. Its amino acid sequence is related to that of another protein kinase, Stl1/STN8, which is involved in the phosphorylation of the PSII core proteins (Bonardi et al., 2005; Vainonen et al., 2005) . The Stt7/STN7 kinase contains a single transmembrane domain with its N terminus in the lumen and the catalytic kinase domain and the C-terminal end on the stromal side. This kinase appears to be tightly associated with the Cyt b 6 f complex based on coimmunoprecipitation experiments and cosedimentation with this complex during Suc density gradient centrifugation. However it is only present in 1:40 submolar amounts relative to the Cyt b 6 f complex (Lemeille et al., 2009) . A mass spectrometry analysis revealed several LHCII proteins as substrates of Stt7/STN7 . The Stt7 kinase itself is phosphorylated at Ser-533 under state 2 conditions. However the kinase involved is not yet known . In the case of Arabidopsis four phosphorylated residues have been identified near the C-terminal end of the STN7 kinase (Reiland et al., 2009) . It is noteworthy that these phosphorylation sites are located in the C-terminal region of the kinase that is well conserved in land plants ( Fig. 1) but not in the orthologous Stt7 kinase of C. reinhardtii (Depège et al., 2003) . In contrast the N-terminal ends with two conserved Cys and the kinase catalytic domains of STN7 and Stt7 are very similar. The catalytic region includes two additional Cys residues on the stromal side, conserved in most eukaryotic photosynthetic organisms, which have been proposed to play a role in the regulation of the kinase activity under high light (Puthiyaveetil, 2011) . Among the four known phosphorylation sites Ser-526, Thr-537, Thr-539, and Thr-541 of Arabidopsis (Reiland et al., 2009) , the first two are conserved in rice (Oryza sativa) and Thr-541 is replaced by Ser (Fig. 1 ). Here we have changed the phosphorylated residues of STN7 by sitedirected mutagenesis and examined the properties of the corresponding mutant plants. The results indicate that phosphorylation of STN7 is not required for state transitions but may affect its turnover under state 1 conditions.
RESULTS
The four residues that have been shown to be phosphorylated in STN7 are shown in Figure 1 . To test the role of the phosphorylation of the STN7 kinase, they were all changed to Ala (STN7-4A) to prevent phosphorylation, or to Asp (STN7-4D) to mimic the phosphorylated state (Fig. 1) . The corresponding gene constructs were introduced into the stn7 mutant background by transformation using ammonium glufosinate (Basta) resistance for selection. The transformed plants were self crossed to yield T2 plants. The genotype of T2 plants was inferred from the segregation of Basta resistance in the T3 plants. Homozygous T2 plants expressing the transgenes STN7-4A or STN7-4D were examined for their growth properties. The growth of the mutant seedlings was undistinguishable from that of wild-type seedlings. RNA-blot analysis revealed that the level of expression of STN7 was slightly lower in STN7-4A and higher in STN7-4D as compared to the wild type ( Fig. 2A) . The level of expression of STN7 protein determined by immunoblotting followed the transcript levels and was lower in the STN7-4A and higher in the STN7-4D lines as compared to the wild type (Fig. 2C) .
To test whether LHCII phosphorylation and state transitions are affected in these mutants, 2-week-old mutant and wild-type seedlings grown under 8-hlight/16-h-dark cycles were subjected for 45 min to far-red light, a treatment that induces state 1. They were then treated with blue light that induces transition to state 2. To assess phosphorylation, the proteins from the wild-type and the mutant lines were extracted after the far-red treatment and 15 or 30 min of bluelight illumination, and subsequently fractionated by SDS-PAGE and immunoblotted with phospho-Thr (P-Thr) antiserum. Figure 3A shows that the phosphorylation of LHCII and the PSII core proteins in the mutant lines was increased in state 2 in a similar way as in the wild type in spite of the unequal levels of STN7 kinase in the mutant lines, suggesting that the kinase is not limiting for these phosphorylations. Similar results were observed for seedlings grown under 16-h-light/8-h-dark cycles or under continuous light. State transitions were assessed by measurements of low-temperature emission spectra that revealed that the STN7-4A and STN7-4D lines were not affected in state transitions as seen by the increase of PSI fluorescence at 730 nm relative to PSII fluorescence at 680 nm under state 2 conditions that is due to the transfer of LHCII from PSII to PSI (Fig. 3B ). Measurements at different time points during state transitions did not reveal any significant change in the kinetics of state transitions. Fluorescence measurements at room temperature confirmed that state transitions occur to a similar extent in the mutant lines with (Fm1 2 Fm2)/ Fm1 comprised between 8% and 10% (see "Materials and Methods"; Supplemental Fig. S1, A and B) .
In Chlamydomonas the level of the Stt7 kinase decreases significantly when cells are transferred from state 2 to state 1 conditions and maintained under these conditions for an extended period (Lemeille et al., 2009 ). We found that a similar decrease in the level of STN7 occurs when Arabidopsis plants are shifted from blue light (state 2) to far-red light (state 1). After prolonged maintenance of the plants under farred light for 24 h, the level of STN7 reaches 12% to 15% of the amount observed under state 2 conditions (Fig.  4) . Upon a subsequent shift to blue light, the level of STN7 was restored to approximately 50% of its maximal value within 2 h (Fig. 4) . The apparent slower migration of STN7 in the acrylamide gel in state 2 as compared to state 1 suggests that the kinase is mostly present in its phosphorylated form under state 2 conditions. To test whether the decrease of the Stt7/ STN7 kinase depends on its phosphorylation, the Arabidopsis mutant lines STN7-4A and STN7-4D were first illuminated with blue light for 40 min to reach state 2. They were then subjected to far-red light and the amount of Stt7/STN7 kinase was determined at several time points by immunoblotting (Fig. 5) . Whereas the level of the kinase in the STN7-4A lines decreased to a similar extent as in the wild type under these conditions, the level of this protein in the STN7-4D lines remained stable during the prolonged state 1 conditions (Fig. 5) . Thus a permanent negative charge at the phosphorylation sites in the C-terminal tail of STN7 appears to stabilize this protein or to protect it from degradation. The slight decrease of STN7 under prolonged illumination with blue light observed in the wild type ( Fig. 5A; Supplemental Fig.  S2 ) could be due to secondary effects mediated through the blue-light photoreceptors.
The TAP38/PPH1 phosphatase has recently been shown to be responsible for the dephosphorylation of the LHCII proteins (Pribil et al., 2010; Shapiguzov et al., 2010) . To test whether this phosphatase plays a role in the decrease of the amount of STN7 that occurs during prolonged state 1 conditions, the level of STN7 was also examined in the pph1 mutant. The decrease of Figure 3 . A, Phosphorylation of LHCII is not affected in the STN7 mutant lines during state transitions. Two-week-old plants grown under 8-hlight/16-h-dark cycles were illuminated with far-red light for 40 min (FR) and then with blue light for 15 (B15) and 30 min (B30). Total proteins from Col-0, STN7-4A, and STN7-4D were examined by SDS-PAGE and immunoblotting with anti-P-Thr and STN7 antibodies. Size markers are indicated in kD. B, Transition from state 1 to state 2 occurs normally in STN7-4A and STN7-4D. Two-or 3-week-old plants were first illuminated with far-red light for 30 min (state 1). They were subsequently illuminated with blue light for 30 min (state 2). Seedlings were quick frozen in liquid nitrogen and their fluorescence emission spectra were determined in state 1 and state 2. WT, Col-0; F, fluorescence; a.u., arbitrary units. The spectra were normalized for the emission peak at 680 nm. STN7 under these conditions occurred as in the wild type (Fig. 5) , indicating that other phosphatases may be involved in the turnover of STN7. We also tested whether the absence of the STN8 or CSK kinases could influence the STN7 turnover. As in the case of the pph1 mutant line, no effect was observed in the stn8 and csk mutant lines (Supplemental Fig. S2 ).
A final question is which protease is responsible for the degradation of STN7. We examined several available Arabidopsis mutant lines deficient in the chloroplast proteases FtsH2, FtsH5 (Kato et al., 2009 ), Deg2 (Huesgen et al., 2006) , Deg5, Deg8 (Sun et al., 2007) , and ClpR1 (Stanne et al., 2009 ) after a shift from blue light to far-red light. Some of these proteases act on the stromal side of the thylakoid membrane while others act on the lumen side or in the stroma. In all these cases the degradation of STN7 proceeded as in the wild type, indicating that these proteases are not involved in the turnover of STN7 (Supplemental Fig. S2 ).
DISCUSSION
The decrease of the STN7 protein kinase under prolonged state 1 conditions was also observed earlier with the Stt7 kinase of C. reinhardtii (Lemeille et al., 2009) , suggesting that this conserved protein turnover in algae and land plants is important. However its exact physiological role is not yet understood. In the case of C. reinhardtii the strong decline of Stt7 does not have a marked effect on LHCII phosphorylation, indicating that the amount of kinase is not limiting (Lemeille et al., 2009) . A similar conclusion can be reached from this study. Because Stt7 is known to be firmly associated with the Cyt b 6 f complex (Lemeille et al., 2009) , it is possible that the level of this kinase influences to some extent the formation of larger complexes and supercomplexes during state transitions. Alternatively, given the fact that STN7 is also involved in retrograde signaling (Bonardi et al., 2005) , its turnover could play a direct or indirect role in this process.
The recent findings of phosphorylation of the Stt7/ STN7 kinase raise several questions Reiland et al., 2009) . First, which kinase(s) catalyzes these phosphorylations? A possible candidate is the Stl1/STN8 kinase that is related structurally to Stt7/STN7 and that is responsible for the phosphorylations of the PSII core proteins (Bellafiore et al., 2005; Bonardi et al., 2005; Vainonen et al., 2005) . The fact that the decline of STN7 under state 1 conditions occurred as in the wild type in the stn8 mutant suggests that the STN8 kinase is probably not involved in STN7 phosphorylation. Similar conclusion can be reached for the CSK kinase (Puthiyaveetil et al., 2008) from the observation that in its absence the decrease of STN7 still Figure 5 . The decrease of STN7 under state 1 conditions is blocked in the STN7-4D lines. Two-week-old seedlings grown under continuous light were illuminated with blue light (B) and transferred to far-red light (FR) as indicated and subsequently returned to blue light. Two STN7-4A and three STN7-4D lines were used. At indicated time intervals proteins were extracted and analyzed by SDS-PAGE and immunoblotting with STN7 and DET3 antibodies. Extracts from stn7 were used to test the specificity of the STN7 antiserum. A similar analysis was performed with the pph1 mutant line. occurred under state 1 conditions. The involvement of other chloroplast kinases such as casein kinase II and TAK (Snyders and Kohorn, 1999 ) also needs to be considered. Finally another possibility is that autophosphorylation occurs for Stt7/STN7. In the case of Chlamydomonas it was shown that Stt7 phosphorylation occurs under state 2, but not under state 1, conditions . Second, what is the role of these phosphorylation events? Our results clearly show that the loss of phosphorylation of the Stt7/STN7 kinase does not significantly affect the extent or the kinetics of state transitions. The most striking phenotype was observed for the STN7-4D mutant in which the STN7 kinase level remained elevated after a transition from state 2 to state 1 (Fig. 5) . Because such stabilization did not occur in the STN7-4A mutant, these observations suggest that the phosphorylation at the C-terminal end of the kinase is required for its stability under state 2 conditions where the kinase is active. One possibility is that the conformation and/or the association of STN7 with other proteins changes according to its phosphorylation status and that this affects its susceptibility to degradation. In the case of C. reinhardtii Stt7, Ser-533 was changed to Ala or Asp . All of the transformants were able to perform state transitions, indicating that the phosphorylation of Ser-533 is not necessary for this process. Moreover the decrease in accumulation of Stt7 during a state 2 to state 1 transition occurred as in the wild type. This may be due to the fact that a single phosphorylation site was detected so far in Chlamydomonas whereas four such sites were identified in Arabidopsis (Reiland et al., 2009) . It is possible that there are additional phosphorylation sites in Stt7 that have escaped detection. Alternatively, phosphorylation of this kinase may have different roles in Chlamydomonas and Arabidopsis. It is noticeable that the phosphorylation sites are not conserved between these two organisms and they are localized in the C-terminal region of the kinase that differs considerably between Chlamydomonas and land plants, in contrast to the conserved N-terminal region and kinase catalytic domain.
Third, which protease is involved in the turnover of the STN7 kinase? We tested several lines of Arabidopsis deficient in the chloroplast proteases FtsH2, FtsH5, Deg2, Deg5, Deg8, and ClpR1. In all these strains the decrease of STN7 under state 1 conditions proceeded as in the wild type, suggesting that an unknown chloroplast protease is involved in this process. Alternatively it is possible that some of these proteases act in a redundant way. Clough and Bent (1998) . Transformants were selected for Basta resistance and homozygous T3 plants were used for the experiments.
MATERIALS AND METHODS

Growth of Arabidopsis
Assay for State Transitions
For state transitions experiments, 3-week-old plants were grown under 8-h-light/16-h-dark cycles. State 1 was achieved by illumination with far-red light-emitting diodes (LEDs) for 45 min and state 2 was obtained by illumination with blue LEDs for 30 min. LED settings were described previously (Shapiguzov et al., 2010) . Room temperature chlorophyll fluorescence was recorded and analyzed using a FluorCam 800MF kinetic imaging fluorimeter (Photon Systems Instruments) and FluorCam 7 software. Seedlings on Murashige and Skoog plates were dark adapted for 30 min, then a saturating pulse was applied (960 ms, 100% superirradiance, 100% red actinic light, and 100% white actinic light). Thirty seconds after the saturating pulse white actinic light (8%) was switched on for 12 min, at the end of which another saturating pulse was used to measure Fm2 (state 2). Then, far-red light (100%) was switched on for 12 min with continuing white actinic light. Another saturating pulse at the end of the far-red illumination period was applied to determine Fm1 (state 1). Finally, far-red light was switched off while white actinic light still continued for 5 min. All measurements were performed on 15 to 20 seedlings with an electronic shutter set at 10 ms and the sensitivity at 4%. State transitions were measured as qT = (Fm1 2 Fm2)/Fm1 and fluorescence values were averaged from 15 to 20 seedlings. Chlorophyll fluorescence measurements at 77 K were performed as described (Shapiguzov et al., 2010) .
Site-Directed Mutagenesis
A plasmid containing the STN7 cDNA was used for site-directed mutagenesis. Ser 537, 539, and 541 were changed to Ala and Asp by PCR using oligonucleotides STN7-AAA and STN7-DDD, respectively, and as-STN7-BamHI (see Table I ). The PCR product was cut with HindIII and BamHI and ligated into the STN7 cDNA cut with the same enzymes. Ser-526 was changed to Ala and Asp using two complementary oligonucleotides S256A/D and as-S526A/D with the STN7-AAA/DDD cDNA as template. These oligonucleotides were used for PCR with oligonucleotides as-STN7-BamHI and STN7-BglII, respectively. The two PCR products were then used as one template for a PCR primed with oligonucleotides STN7-BglII and as-STN7-BamHI. The resulting PCR fragment was cut with BglII and BamHI and inserted into the pPZmidiAt1HA plasmid (Bellafiore et al., 2005) containing the STN7 midigene digested with the same enzymes.
Protein Extraction and Immunoblotting
Four to five seedlings were collected per time point/experiment, directly frozen in liquid nitrogen, and subsequently grinded using Qiagen Tissuelyser. Total proteins were extracted in buffer containing 50 mM Tris pH 8, 10 mM EDTA, 2% SDS, protease inhibitor (Sigma), and 10 mM NaF for 30 min at 37°C, followed by a 15-min centrifugation to remove cell debris. The chlorophyll content of the protein samples was determined as described (Porra et al., 1989) and all the samples were loaded on an equal chlorophyll basis. Protein corresponding to 500 ng and 1.5 mg were used for P-Thr and STN7/DET3 antibodies, respectively. All the proteins were resolved by SDS-PAGE in 12% acrylamide gels. Immunoblotting was performed by incubation with polyclonal antibodies against P-Thr (Cell Signaling), D1 (Lemeille et al., 2009 ), STN7 (antibody raised against recombinant D1 protein in rabbits produced with R. Bassi, University of Verona), and the vacuolar protein DET3 (gift from Karen Schumacher [University of Tuebingen, Germany]; Schumacher et al., 1999) . Detection of the antibodies was performed with the ECL system (Amersham Biosciences).
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Supplemental Figure S1 . State transitions in the STN7-4A and -4D mutant lines.
Supplemental Figure S2 . Immunoblot analysis of STN7 in wild-type and mutant lines in state 1.
